The complete primary structure of the cholecalciferol-induced chicken intestinal 28-kIOa calbindin-D is reported. It is a single-chain polypeptide consisting of 261 amino acid residues (computed Mr 30,042) and is blocked at the amino terminus. Tryptic digestion ofthe S-pyridylethylated protein followed by HPLC peptide mapping and automated sequence determination provided the bulk of the sequence information. Subsequept chymotryptic and Staphylococcus aureus V8 protease cleavages yielded the sequences of several additional regions as well as extensive overlapping of the tryptic peptides. The primary structure shows six homologous regions of sequence based on the EF-hand concept of calcium binding, four of which are predicted to actually bind calcium. Aside from these regions, there is no overall structural identity or apparent similarity with the mammalian calbindins (9 kDa), calmodulin, or troponin C. It is predicted that the secondary structure of 28-kDa calbindin-D is significantly different from the other proteins of this class, which bind four calcium atoms.
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Perhaps the best-defined molecular event associated with the cholecalciferol endocrine system is the induction of the intestinal Ca-binding protein by vitamin D and its metabolites. Whereas considerable information is available regarding the physicochemical properties and physiological relationships to vitamin D (1), the precise function in the process of Ca metabolism remains unknown. The protein has been renamed calbindin-D (2) .
Two primary calbindin-D types have been identified that are now recognized to be tissue-and species-specific. Representative of the first type are the 9-kDa mammalian intestinal proteins and those from porcine and bovine kidneys that bind two Ca atoms per molecule with high affinity. Partial or complete primary structures have been reported for the bovine (3), porcine (4) , and rat (5) intestinal calbindins, which, while not identical, exhibit extreme homology. Based on the EF-hand concept of high-affinity Ca binding (6) , it is clear that these 9-kDa proteins are members of the troponin C (TNC) superfamily of Ca-binding proteins comprising TNC, calmodulin (CaM), and the parvalbumins (PA). The crystal structure (7, 8) and solution properties (9) of the bovine intestinal 9-kDa calbindin-D have been reported.
The second type of calbindin-D is present in avian intestine, kidneys, and uterus (shell gland); rat and human kidney; and both avian and mammalian brain. These proteins, while exhibiting species differences, are -28 kDa, bind four Ca atoms per molecule with high affinity, and have immunological properties in common (1) . Tentative amino acid (10) and cDNA nucleotide (11, 12) sequences have recently been made available. We report here the complete amino acid sequence of chicken intestinal calbindin-D as representative of the 28-kDa type.
EXPERIMENTAL PROCEDURES
Chicken intestinal calbindin was purified essentially as described (13) , and cysteine residues were blocked by alkylation of the reduced protein with 4-vinylpyridine to form the S-p-(4-pyridylethyl)cysteine derivative (PyEtCys-calbindins)D (14) . All PyEtCys-calbindin preparations were subjected to reverse-phase HPLC as the final purification step to remove bound Ca and buffer components.
Succinylation of lysine residues was accomplished by successive addition of finely ground succinic anhydride (1000-fold excess by weight over protein) to the PyEtCyscalbindin in 0.2 M N-ethylmorpholine acetate buffer, and the pH was maintained at 8.0 by additions of N-ethylmorpholine. Two hours after the last addition, the succinylated PyEtCyscalbindin was passed through a column (0.9 x 30 cm) of Sephadex G-50 (fine) equilibrated with the reaction buffer.
Enzymatic digestions were conducted in 0.2 M Nethylmorpholine acetate buffer (pH 8.0) at 370C for the indicated time periods with an enzyme-to-protein ratio of 1:100 (wt/wt). TPCK (tosylamidophenylethyl chloromethyl ketone)/trypsin, TLCK (N-a-p-tosyl-L-lysine chloromethyl ketone)/chymotrypsin, and Staphylococcus aureus V8 protease were obtained from Worthington. Procedures for peptide mapping by reverse-phase HPLC (3, 15) and amino acid compositional and sequence analyses (3) were as previously described.
RESULTS
The complete amino acid sequence of chicken intestinal calbindin-D is presented in Fig. 1 . Direct automated sequencing of the protein was precluded by the presence of an N-terminal blocking group (*), a property common to members of the TNC superfamily of Ca-binding proteins. Enzymatic cleavage of the PyEtCys-calbindin was initiated with TPCK/trypsin. HPLC separation of the 1-hr tryptic digest resulted in 25 major peptides (Fig. 2) , 23 of which were sequenced to completion. Tryptic peptide T-18, which contained neither a lysine nor an arginine residue was tentatively assigned to the C terminus. The remaining 2 tryptic peptides, T-23 (34 residues) and T-24 (47 residues), were refractory to Edman degradation and differed from each other by exactly the composition of tryptic peptide T-20. Prolonged digestion (16 hr) of the isolated T-24 quantitatively yielded tryptic peptides T-23 (blocked) and T-20 ( Fig. 3) , establishing the N-terminal sequence as *T-23 -* T-20.
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Substantial overlapping of the remaining tryptic peptides was achieved by S. aureus protease digestion ( PyEtCys-calbindin (Fig. 7) . HPLC peptide mapping produced 21 peptide peaks, 2 of which (S-i and S-8) required additional separation at pH 6.8 prior to sequencing, producing 23 peptides total. Two regions of sequence, residues 48-49 (Lys-Lys) and residues 68-72 (Ala-Thr-Asp-Gly-Lys), not isolated from the original tryptic digest, were identified. S. aureus protease fragments S-22 (residues 87-139) and S-23 (residues 87-145) provided several overlaps but were too long to sequence to completion. Attempts to extend the overlapping by further cleavage of these large fragments at the internal glutamic acid residues (121 and 122) were not successful. There was one observed anomalous cleavage following Ser-237. Initial digestions of PyEtCys-calbindin with TLCK/ chymotrypsin produced extensive overlaps but resulted in preferred cleavages following Asn-135 and Asn-222, the only two regions for which definitive overlaps were not yet established. The enhanced lability of these bonds to chymotrypsin is apparently the result of the charge effect produced by the adjacent lysine residues. Succinylation of PyEtCys-calbindin prior to chymotryptic digestion effectively eliminated these cleavages. Sequence analysis of the HPLC peptides from succinylated PyEtCys-calbindin (Fig. 8) completed the overlaps in these two difficult regions and confirmed those obtained from the S. aureus protease digestion. Again, it was necessary to reseparate several fragments at pH 6.8 prior to sequence analyses.
DISCUSSION
The complete amino acid sequence of the chicken calbindin-D shows the protein to be considerably larger (about 30 kDa) than the usually cited value of 28 kDa. It was predicted, based on the nucleotide sequence of chicken calbindin-D cDNA (11) , that post-translational cleavage in the N-terminal region accounted for the difference between the deduced and reported values. This is not the case.
The only area of uncertainty in the primary structure is the nature of the blocking group and the sequence of the associated N-terminal tripeptide (*-Thr-Ala-Glu). Glutamic acid was assigned to the third residue position on the known specificity of S. aureus protease, and the nucleotide sequence (11, 12) allows positioning of the first and second residues. It is assumed that the blocking group is acetyl, which is common to this family of proteins. Examination of the complete primary structure of chicken calbindin-D indicates no significant degree of sequence identity with either the 9-kDa calbindins-D or the other members of this class.
However, based on the original (6) and revised (8) criteria for identifying standard Ca homology domains, six stretches of sequence are evident (12) that compare favorably with the proposed or established Ca loops of PA, 9-kDa calbindin-D (loop I), TNC, and CaM (Table 1) . There is no evidence in the chicken calbindin sequence for the existence of variant sites such as the N-terminal loop (I) of 9-kDa calbindin-D, where insertions are required and where Ca ligands are mostly peptide carbonyls rather than the usual oxygen-containing side chains (8) .
Four of the predicted loops in chicken calbindin, residues 23-36 (I), 110-123 (III), 154-167 (IV), and 198-211 (V) fit the criteria for Ca binding exactly, and it is proposed that these correspond to the empirically determined four high-affinity Ca-binding sites (16) . Loop II (residues 65-78) more closely resembles the first loop in cardiac TNC (Table 1) , which does not bind Ca with high affinity (17) . As is the case for cardiac TNC, the obligatory aspartic acid in the first ligand position (X) is missing (replaced by Gly-66 in chicken calbindin), and the apparently essential aspartic acid/asparagine in the second ligand position (Y) is replaced by Ala-68. This domain may well have lost the ability to bind Ca as a result of single base changes in the second position of the codons specifying the X (GAC to GGC) and Y (GAC to GCC) calcium ligands, based on the cDNA sequence (11, 12) .
Loop VI (residues 239-252), while resembling the homolog loop, is extensively altered and is predicted not to bind Ca. Nevertheless, the six-domain model results in relatively consistent interloop spacing of 27-31 residues (based on the 14-residue test sequence), which is only slightly greater than the other members of this class (22-26 residues) .
The empirical secondary-structure predictive methods of Levitt (18) and Chou and Fasman (19) were demonstrated to be particularly effective in identifying the known Ca-binding loops and interdomain linker regions in PA, CaM, TNC, and 9-kDa calbindin-D as well as the non-Ca-binding loop (I) in cardiac TNC (not shown). When applied to chicken calbindin (Fig. 9) , seven major regions with high probability of a-helical content, separated by six regions exhibiting significant conformational preference for reverse turns, are evident. The predicted reverse turn (nonhelical) regions exhibit consistent spacing and correspond exceptionally well to the N-terminal regions of the six loops identified by the standard homologdomain test procedures, regardless of Ca-binding ability. There appears to be no significant preference for turns in the interdomain regions, although there is some indication of fine detail in the predicted major helical portions.
The existence of six domains in chicken calbindin raises interesting questions regarding the spatial organization of the loops. Based on the structure of PA and consistent with the idea of gene duplication, Kretsinger and Barry (20) proposed that EF hands are arranged in pairs. This proposal has generally been confirmed by the crystallographic studies of 9-kDa calbindin-D (7, 8) , TNC (21, 22) , and CaM (23) . While it is clear that an altered and normal Ca-binding loop can pair in 9-kDa calbindin-D (7, 8) , it is not known if a non-Cabinding loop can pair with a Ca-binding loop. However, this has been predicted for cardiac TNC loops I and 11 (8) . For all the proteins listed in Table 1 except chicken calbindin, leucine and phenylalanine alternate consecutively in the -Z+ 1 positions, including the altered loop (I) of 9-kDa calbindin-D and the non-Ca-binding loop of cardiac TNC (I). The structural significance of leucine and phenylalanine in the same positions of paired domains, while not clear, may be related to interdomain contacts, since they are in proximity in the Ca-bound protein (8) . The presence of leucine in the -Z+1 position of all six domains in chicken calbindin-D obviates any prediction of domain pairing based on alternating leucine/phenylalanine residues and suggests that the interdomain contacts may be somewhat different for this protein.
The exact function of calbindins in epithelial transport and in nonepithelial cells has not been defined. Based on theoretical considerations (24) and an in vitro model system (25) , the calbindin-D could facilitate the translocation of Ca2+ through the cytosolic compartment of the intestinal cell. Interactions of calbindin-D with membranes or membrane components (26, 27) and stimulation of the basolateral calcium pump (28, 29) have been noted. Detailed structural analysis of the calbindins should aid in understanding their function at the physiological and molecular level.
